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I 
For a square image subtending ca. 6.13  ° of visual angle on a side, centrally 
fixated, we have described  the relations of flash frequency F  to mean flash 
intensity I~ for recognition  of flicker,  as obtained with "white" light seen 
uniocularly and binocularly and with various proportions of light time in the 
flash cycle  (Crozier and Wolf,  1940-41 a, b).  The data have been analyzed 
in terms of the conception  that, for each of the two populations of elements 
of neural effects combined in the typical duplex flicker recognition  contour, 
the fundamental form is that of a  normal probability summation in log I=. 
When the  "rod" and  "cone" contributions show  extensive  overlapping,  as 
with man, the low intensity segment of the curve is determined by the sum- 
mation of a  partially inhibited  "rod" contribution of elements with those 
labelled as of "cone" origin. 
The properties of these elements,  defined by the summation of dF/d log I 
as a function of log I, have been studied for monocular and binocular stimula- 
tion and as a function of the light time fraction.  Their quantitative relations 
to the wave-length composition of the light should be important in a variety 
of ways.  Certain of these questions  are considered in the present paper.  It 
is to be expected that modification of the wave-length composition of the light 
will produce changes in the form of the low intensity and of the high intensity 
segments of the F  -- log I  contour, and in the relations between them.  This 
supplies  an additional means of investigating the nature of the  composite 
curve, and of the relations of excitable  neural units to the elements of dis- 
criminatory effect which they produce.  At the same time it is inevitable that 
the data, properly interpreted, should have significance for the problem  of 
excitation as a function of wave-length.  It will be pointed out that some of 
the conditions required for the discussion of this matter can now be seen more 
concretely,  and  that  a  preliminary application  of  their  meaning  can  be 
indicated. 
For four regions of the spectrum the flicker response contour was determined 
with tr. ----- 0.10 and tr. =  0.90 of the cycle time, with the centrally fixated field 
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already used for white light.  The points to which attention will be directed 
include the Fm~. and other parameters (~", cdtog  z) of the F  -- log I, curve as 
a  function of wave-length composition, the relations of these parameters to 
the tr fraction, the variability of It, and the scatter of the indices of variation. 
The most recent and most extensive survey of the dependence of flicker upon 
spectral  composition  (Hecht and  Shlaer,  1935-36)  gives  no  information on 
most of these matters.  Some important conclusions to be drawn are further 
supported  by tests  made  in  another part  of  the  retina  (Crozier and  Wolf, 
1941-42).  The findings  will  be considered as they bear upon the nature of 
criteria for the allocation of "cone" ~s.  "rod" properties to visual data,  the 
~- ~0[--  Px@r  J8 
!,° 
20 
10 
FIG. 1.  Transmissions  of filters used for vio~t, bl~, green, and red 
more general question of the meaning of such data for the deduction of mecha- 
nisins of the primary peripheral excitation, and for certain questions of color 
vision theory. 
The apparatus used and the procedure followed in these observations are already 
described, and need not be restated here.  One observer, W. J. C., was used through- 
out.  Observations were made monocularly (left eye).  For the modification of wave- 
length distributions use was made of Wratten filters Nos.  70, 58, 47, and Coming 
No. 511, giving in this order red, green, blue, and violet.  The transmissions  of these 
filters are shown in Fig. I, as measured in a photoelectric spectrophotometer.  In the 
tables the units of I  purposely used are flash brightness  units, miUilamberts, deter- 
mined by photometric equations with white, made below the color threshold for each 
light.  Under our conditions  these units are proportional to photons, as the ocular 
eye-ring provided an effectively constant "pupil" 1.8 mm. in diameter.  No correc- 
tion has been made for ocular transmission.  For certain purposes direct energy corn- W.  J.  CROZIER  AND  ERNST  WOLF  91 
parisons with the white light are important.  Such comparisons  were made with a 
Mohl large surface thermopile and sensitive galvanometer, the thermopile being in the 
eye position at the discriminometer  head (cf. Crozier and Holway, 1938-39a, 1939-40); 
these are referred to subsequently.  No attempt was made to work for more mono- 
chromatic beams, since it was desired merely to modify wave-length  compositions in 
a convenient way and at the same time to cover as large as possible an intensity range. 
II 
The observations for the violet, blue, green, and red regions, at tr  =  0.10 
and 0.90, are given in Tables I-IV.  Each I~ entry is the mean of 10, and the 
dispersion of these  10  is given as P.E.ul.  We consider first the analysis of 
the forms of the pair of curves for each color region, then the comparison of 
their properties. 
For each color, as for white, the shortening of the light time fraction moves 
the curve toward lower intensities and increases the asymptotic maximum to 
which the curve rises.  The curves are plotted in Figs. 2 to 5.  The uppermost 
parts  of these  curves,  the  so called  "cone" sections, are  in  every case well 
described by a normal probability summation in log I,, (Fig. 6).  As with white 
light,  at any given wave-length composition the  slopes of the  two  lines  for 
tr. -- 0.10 and 0.90 on a probability grid are not detectably different, and thus 
~lo~z is the same (although differing according to the wave-length). 
In Figs. 2 to 5 the probability integrals of Fig. 6 have been continued toward 
F  --- 0 and the "rod" curves obtained by difference.  The observations below 
the kink in the F  -- log I  contour were taken, like those above it, in overlapping 
groups.  Only fo¢ the  vio/~t did  such  successive  series  disagree.  One  vio/et 
set (V') with gr. =  0.90 below F  ----- 18 departed widely from the others.  It is 
given in Table I, and is analyzed graphically in Fig.  7.  We tried in vain to 
repeat this series; the explanation for its occurrence is unknown; it cannot be 
accounted for by technical error.  As an illustration of the kind of reproduci- 
bility otherwise experienced we may refer to an independent series made much 
later with the blue filter and tL =  0.10, not given in Table II but already given 
in the preceding paper (Crozier and Wolf, 1940-41 b). 
The rising  and  the  falling parts  of  the  "rod"  contribution dissected  out 
in this way (Figs. 2 to 5) are transferred to a probability grid in Fig. 8.  Again 
as with white light, the two rising branches have apparently  the  same ~rlo~ 
for each color, so far as can be told, and the falling branches do not.  The 
"rod"/;'max. falls (violet, blue, green) or rises (red) as tL is increased; this results 
from the difference in  shape and in degree separation of the several "cone" 
and fundamental "rod" curves (cf. Crozier and Wolf, 1940-41 b). 
As with white light, Fma~. ("cone") declines with increase of the light time 
fraction, and r' decreases.  These relations are shown in Figs. 9 and 10.  The 
rates of change  (here assumed  to be, as already shown in greater detail for 
white, and as checked by incomplete data on red and blue at tL =  0.50, recti- 92  COLOR  AND  I~LASlq  DURATION  IN  FLICKER 
TABLE I 
Violet 
log I. (ml.) and log P.E.xn; an exceptional  set given separately 
F  per 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
25 
27 
30 
35 
40 
log Im 
5.004 
5.X'Z85 
5.5614 
5.7908 
5.94~e 
5.ee98 
5.eoa9 
5.1125 
~.~0 
.66r~ 
3.86~8 
~.e~e 
~.se~ 
§.l~08e 
i.tee8 
~.sex2 
i.e~ae 
i.oti9 
i.o~:t 
i.99e0 
;L  =  0.10 
log P.E.1 
7.7955 
6.2520 
6.4326 
6.7256 
5.2142 
5.2192 
g.4081 
4.1159 
~.~828 
5.6769 
5.6771 
5.7619 
~.6653 
4.3531 
~. 1469 
4.3071 
4.7355 
~.2666 
,0676 
2.0270 
,5765 
~.2560 
~, 5647 
~/,  -- 0.90 
log I~ 
5.0247 
5.a~ee 
5.e,y/9 
~.0086 
5.~98 
5.eo~o 
L88t5 
i.1840 
i.¢~oo 
.62o4 
i.6~73 
log Im  log P.E. I 
5.f~/3  7.9749 
5.6641  6.2054 
.6814  ~. 1654 
g.8#J.9  ~.4432 
5.9881  7".5241 
5.9667  6.4193 
~.1044  ~.5746 
5.3079  6.6429 
5.$098  6.9135 
5.5128  6.8271 
5.6f~  6.9428 
5.8916  5.4069 
5.9975  5.2475 
~.l,tr~  g.6062 
3.9.~5  5.5771 
8.8575  5.8726 
~.oee  ~.9058 
5.4760  ~.o25o 
8.5051  4.7116 
Le711  ~.1621 
3.7725  4.3524 
8.8998  4.4272 
§.o9~t  ~.4848 
2.1866  4.9294 
2.1884  4.4827 
2.$771  4.9902 
i.7o91  ~. 15o8 
~.7490  3.3212 
i.0289  ~.5099 
X.0049  3.5270 
i.9911  3.5183 
i.1~8e  ~.8184 
i.~59~  3.8828 
J..$187  3.7121 
i.6~15  3.9221 
i.6081  3.9626 
O.O229  9-.4921 
0.0960  2.5647 
~L  -- 0.90 
log P.Ed 
~.6778 
~.83oo 
5.1942 
5.4816 
5.6243 
5.0052 
4.4519 
4.6558 
~.8476 
~. 1807 
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TABLE I--Conduded 
F  per 
$ec. 
45 
50 
52 
55 
58 
59 
60 
61 
62 
tL -- 0.10 
log  I,.  log P.E.1 
i.~s  ~.8778 
i.414o  ~.97o8 
1.3563  2.1807 
1.3463  2.5168 
i.SS?S  ~. 7753 
i.7513  2. lOOl 
i.97~  2.3908 
i.9186  2. ~A 
i.?s40  2.5544 
i.77s0  2.9~9 
i.8184  2.2654 
0.0375  2.0018 
0.5217  i .4737 
0.4§95  2.9663 
0.4408  2.9642 
0.3113  2.6541 
0.3476  2.8726 
0.3455  2.8851 
0.4.821  i. 0080 
O.  3960  2.6186 
1.0165  i .9665 
0.9806  i .4362 
0.9869  i.3921 
O.96OO  i.5183 
0.9370  i. 1520 
1.2715  i. 7580 
2.9?30  i .8201 
3.O444  i .6465 
1.8106  i. 4942 
1.5040  0.0173 
2.0845  0.6717 
2.6769  1.4278 
3.4519  2.4190 
3.2913  1.9620 
t[, -- 0.90 
log  I~  log Im  log P.E. 1 
0.4855  2.8859 
1.04.65  i.8354 
1.9399  0.2420 
3.07~  1.7325 
tL -- 0.90 
log P.Ea 
linear functions of the light time fraction) are less than for white light.  As 
regards C, about the same rate of change (again less than for white) is shown 
for all four colors, although the absolute values of C  differ.  With Fm~. the 
rate of change is least for R, greater for G, B, V in that order. 
HI 
We may now consider the properties of the "cone" curve parameters as a 
function of wave-length.  It is to be noted that color per s¢ is not in question, 94  COLOR  AND  FLASH  DURATION  IN ~LICKER 
since the level of occurrence of the color threshold at critical fusion intensity 
produces no modification in the form of the curve, and its position on the curve 
can  be  experimentally  pushed  about  by  changing  the  light  time  fraction. 
TABLE  II 
B~u, 
F  per sec. 
2 
4 
6 
8 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
25 
30 
35 
40 
45 
50 
55 
56 
57 
58 
59 
log Im 
7.4962 
.7o96 
L8841 
~.sva 
~.rm4 
~.619~ 
5.$916 
~.~ge~ 
~.~9~ 
~.988~ 
g.~oe~ 
~,.6:t,t7 
.~ot 
.~ 
i.t0~o 
i.69s~ 
i.~9o4 
0.8219 
0.788'/ 
l L  1  0.10 
log  P.E.1 
8.7900 
8.7943 
7.2315 
7.5385 
7.7757 
7.9182 
6.2166 
6.4222 
6.7108 
~.0421 
5.2569 
g.080t 
L490i 
5.9131 
~.o38o 
4.4593 
4.6139 
3.1473 
3.3120 
2.0347 
i.6i36 
i .8353 
O. 1629 
log Im 
~.e888 
~.04~ 
~.s219 
~.ms 
3.0753 
~.6795 
i.o.~ 
~.44as 
J.2018 
i.~92 
LTIoo 
i.srt5 
i.3~t 
i.7318 
i.1~6 
i.7~8 
i.os~ 
i.rm6 
§.1~o 
IL ~  0.90 
log P.E.t 
.6708 
8.3120 
g.3~0 
~.74ot 
7.0004 
7.~18 
6.1774 
6.5917 
6.7871 
~.41os 
3.6869 
.909S 
4.2662 
4.6074 
4.7279 
3.3942 
3.5706 
2.3444 
i. 4930 
5.2O67 
0.7459 
When  this is done the  ¢'log z parameter is not  changed.  We shall  consider 
the color threshold indications subsequently. 
The curious point is at once apparent that F .... , for a  given tL percentage, 
can be higher  (with ~iolet,  blue,  green)  than for white.  At the same time the 
abscissa of the inflection point  (save for the red)  is less than for white.  The 
reality of this drop is easily demonstrated by determining at a given convenient 
F  the critical flash intensity for white light,  then dropping a  filter, say blue, 
in the path of the beam.  Thus at F  =  30, tL =  0.50, log Im white was found w.  ~.  c~oz~  AND ~.m~s~ woL~  95 
to be in one test (10 observations)  -  1.7879; with the blue filter dropped in 
place, it was 1.0755 w/th no correction made for the transmission of the blue filter. 
TABLE HI 
Green 
JL -- 0.I0  JL m 0.90 
F per sec. 
loglm  log P.E.t  log l,n  log P.E.x 
2 
4 
6 
8 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
30 
35 
40 
45 
50 
55 
57 
58 
50 
7.9764 
~.1~ 
~.44n 
~.8oxa 
~.s179 
i.4~92 
~.5740 
J.6653 
~.e~74 
~.￿err 
i.n44 
~.~rtvt 
~.~ 
~.rato~ 
i.~0~5 
.o17o 
5.164x 
5.~899 
~.sTs5 
5.6533 
3.6575 
i.o775 
§.4538 
§.4847 
~.e53~ 
i.4965 
0.3528 
0.9117 
1.0787 
0.9956 
2.4757 
1.8965 
8.4127 
~.7ooo 
~.9579 
7.1851 
7.3278 
7.7291 
7.8702 
7.9442 
~.12o8 
6.2537 
~.4403 
6.5515 
6.8429 
6.8337 
~.9507 
].3258 
].204o 
].4773 
].6o69 
].7127 
].7113 
].1846 
~.o748 
~.5332 
~.o915 
~.0736 
3.1524 
3.7677 
2.8836 
i .4890 
i .3467 
i.3752 
i.1170 
0.4859 
B.0403 
S.s48s 
8.ez~ 
B.9~o 
].a879 
i.e48e 
i.8564 
5.x537 
5.4064 
5.6880 
5.e8x8 
§.~.lo 
~.s~9 
§.rmos 
i.8274 
i. 1753 
i.5170 
i.99oo 
0.6729 
1.84~ 
8.1166 
~'. 6359 
7".8121 
6.1902 
~.2848 
~.9491 
~.1241 
].3037 
].6732 
]. 7810 
i.o562 
~.2889 
~.7579 
~.7182 
.0102 
3.2941 
.5717 
.8274 
2.3929 
i.1175 
0.3348 
1.4797 
The general lowering of r' and the increase of Fm~. correspond, of course, 
to the meaning of a considerable variety of facts relating to the action of colored 
lights which have been curiously suppressed in the discussion of color theory 
as involving the general problem of excitatory efficiency.  We shall return to 
this  in  a  following section.  Here we need only comment on the  fact that 96  COLOR  AND  ~LASH  DURATION  IN  ~LICKER 
this  type of change  is,  in and  of itself,  consistent  with  the general  lowering 
of the brightness  level required  for violet,  blue,  and  green  wave-lengths  (as 
compared with red) along the F  -- log I  contour.  We say "consistent with," 
because the same type of change is found for ~vhite light when t~ is decreased, 
and (as demonstrated in the present paper) for single color regions.  The theory 
TABLE  IV 
#Z, -- 0.10  #~, *= 0.90 
F  per sec. 
log irm  log P.E.t  log lm  log P.E.~ 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
25 
30 
35 
40 
45 
50 
52 
55 
57 
5.5989 
~.X~lX 
~.r~69 
~.9o14 
~.159e 
5.40~ 
5.~89 
~.gr~m 
i.1833 
i.J.ToJ. 
i.52zs 
~.8398 
~..J.511. 
i.5407 
i.5t07 
i.8705 
i.9768 
~..97~ 
5.5x7~ 
0.§19~ 
1.2678 
1.9008 
~.9728 
6.3329 
~.7534 
6.9153 
5.3582 
].6409 
~.ssso 
~.o8~ 
4.2745 
4.6001 
~.6978 
4.8714 
.2684 
.5850 
22.0760 
'~.0760 
3.8175 
22.5166 
22.4033 
22.4599 
i.0531 
22.9342 
i.1166 
0.1479 
4.6960 
].9481 
5.11890 
5.ee31 
i.o154 
i.n52 
~.sm 
i.8aol 
i.oe53 
~..oe35 
i.2888 
i.zs47 
i.eeso 
i.9890 
0.296~1 
0.6665 
1.0178 
1.6050 
1.9021 
5.0689 
5.4192 
].6591 
74.o521 
~.6..341 
3.1796 
4.8714 
3.3010 
3.5427 
3.5734 
~.5664 
~,. 7944 
2.0358 
2.2521 
2.6459 
i.2359 
i.9375 
0.0451 
O. 1959 
of this increase of F .... as a result of decreasing tL has been that the frequency 
of elementary contributions  from excitable units has been increased  (Crozier, 
Wolf,  and  Zerrahn-Wolf,  1937-38 a,  b;  Crozier  and  Wolf,  1940;  1939-40 b). 
The increase of F .... could thus be produced, other things equal i by using light 
of intrinsically lower excitatory power, and this must be expected to automati- 
cally lower ~'. 
This genera/situation  cannot be reconciled in terms of photometric bright- 
ness,  because of the  data  with  red light  and  because there  is no  correction Fmax.=  01.3 
~e 
r~. 0.10 
_  °S 
10-- 
4  3  2  1  0  1  ~  3 
1o  9 ImCcOPa) 
FIG. 2.  Figs. 2, 3, 4, and 5 give log I, as a function of F  for the rio~t, blue, green, 
and red respectively, for light time fractions t~ =  0.10 and 0.90.  Data in Tables I 
to IV. 
On each curve is marked the position of the color threshold (C) and the level above 
which the critically fused field  is smooth  (S). 
An exceptional series with riolet is shown in Fig. 6; it ties in with the aberrant point 
at the "comer" of the curve here given. 
BO 
50 
~. ~o 
/  0.90 
•  j/ 
.,,~~"  "-.~,,,  .  ..... 
6  5  4  3  ~  1  0  1  Z 
1o  9  Im (~,) 
FxG. 3.  Blue 
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FIO. 6.  The upper segments of the data in Figs. 2 to 5, on a probability summation 
grid. 
/  .//  v,  10--  ~~~ 
..t....-/-.  ........................ 
-  _  _  _'"'  • .....  - 
5  4  3  2  1 
zo9 zm (co~-.) 
I~G.  7.  An exceptional  series of measurements  with  violet; see text;  the curve  of 
Fig. 2 is also given. 
-  \/,\  ,/,\ 
iIx,  l,,  ,  ,,,, 
#l  II  / 
,o~..,~o~ o=,,  ,o,o  o,  >~--7  ,o~ z; 
i  l  f'  ~  l  t  II  1  I  I!  I  l 
1o  0 Im 
FIG, 8,  The isolated "rod" contribution curves (Figs, 2 to 5) with their rising and 
falling branches transferred to a  probability grid, 100  COLOR AND  FLASH DURATION  IN I~LICK~R 
possible in terms of the "visibility function" for the several spectral regions 
we have used.  We are convinced that a distinctly different mode of approach 
must be exploited before a valid and fruitful connection can be detected between 
the data of flicker and some other data involving the problem of visual excita- 
bility as a function of wave-length.  We are also of the opinion that, significant 
as such a connection must be for hypotheses of color vision, it has been unneces- 
sarily ignored--although we do not need to detail at this point our reasons 
for the statement. 
The  theoretical  analysis  of  flicker response  contours  has  shown  for  the 
simplex F  --  log I~ curves of invertebrates and vertebrates and for the  data 
62 
5E 
M 
0 
I  , 
5o 
Fro. 9 
L 
w  ~ar 
/ 
I 
5o  1~ 
IO0 ~I./(ZL  ÷~I~  ) 
Fro. 10 
Fro. 9.  The relation between  Fm~. and the  light time percentage, for the four 
colors used, and for white. 
F~G. 10.  The change  of the "cone" abscissa  of inflection  (r') in  the F  -  log I~ 
curve as a  function of the light time percentage. 
on vertebrates  (including man),  that  the magnitudes  of F ....  are  in  direct 
proportion to the percentage dark time in the flash cycle (white light), while 
r'  is  inversely proportional to  this percentage  (Crozier, Wolf, and  Zerrahn- 
Wolf,  1937-38 a,  b;  Crozier and  Wolf,  1939-40 b).  The  question therefore 
arises, as to how it is possible to obtain a  larger total number of potentially 
effective elements (a Fm,x.) by using the blue light, or violet, or green, filtered 
from a white, than by using the unfiltered white.  There are two general ways 
in which this question could be approached.  It could be supposed that dif- 
ferent regions  of  the  spectrum  have  "antagonistic"  effects when  combined 
in white.  Qualitatively, a  number of different kinds of not very satisfactory 
instances could be brought in support of such an idea (of. Wilson, 1891; Bab~ik, 
1913; but cf.  Crofts and Laurens, 1924; PoHmanti, 1916; etc.; and observations 
by Crozier and Cole, 1924, on the circus movements of Li~,  as yet unpub- 
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to insist that some further considerations must first of all be dealt with.  These 
latter  considerations arise because of the basic assumptions required by the 
properties of the F  --  log _1" contour.  The properties in question are of two 
kinds:  The nature of the analytical function describing this contour, and the'. 
known quantitative attributes of its parameters. 
The  form of the function as a  normal probability summation  in log I  is 
deduced on the basis that the neural units excited fluctuate in their momentary 
thresholds and in their momentary contributions to the determination of the 
observable result.  For the examination of excitation as a  function of wave- 
length of light, and for the estimation of excitabilities in different parts of the 
retina,  means must be found for the separation of these two contributions-- 
the number of units, and the frequency distributions of their contributions of 
elements  of effect. 
The independent properties of the parameters of the function--that  is,  of 
its asymptotic maximum  (Fro,=.), of its abscissa of inflection  (~'),  and of the 
standard deviation of its first derivative (~1o~  x), demonstrate objectively that 
the situation is essentially vnu]ti~ario1~; a situation, that is, in which the quan- 
titative  relationship  to  be found between any two variables is,  in  the  last 
analysis, dependent on the prevailing magnitudes of the other variables operat- 
ing  (Crozier  1939  b;  1940 a,  b).  It thus  becomes impracticable  to establish 
in advance of quantitative  information anything in the nature of "standard 
conditions"  for the  comparison  of  the wave-length  effects.  In  the  case of 
flicker,  one cannot be assured that T' or Fro,=. will exhibit the same kind of 
dependence on retinal  area illuminated,  retinal location of test-image, light- 
time fraction,  or temperature  of the organism,  for lights  of different wave- 
length compositions.  In fact, so far as tested they do not. 
One thing can be indicated, however.  With whi/~ and with lights of different 
colors the parameter ~'1o~ i, the standard  deviation of dF/d log I  with Fm,~. 
put  --  100, is  (for each wave-length composition) independent  of the light- 
time  fraction  (Crozier,  Wolf,  and  Zerrahn-Wolf,  1937-38 a,  b;  Crozier  and 
Wolf,  1939--1940 b, and  Fig.  8).  In the experiments where tL is varied the 
assumption has been that the basic excitability of the neural units concerned 
is not affected, but merely the frequencies with which  they contribute  ele- 
mentary neural effects.  One proof of this, and  an  entirely adequate  proof, 
is found in the fact that Fma~. is independent of temperature, and the tempera- 
ture characteristics for excitability are independent of the light time fraction 
(Crozier and Wolf,  1939-40 b) and of the form of the F  --  log I  curve (of. 
Crozier  1939  a;  Crozier  and Wolf, 1939-40 a).  Consequently we may legiti- 
mately compare ~'lo~ i  for  the various regions  of  the spectrum.  Indication 
should thereby be given as to the relative numbers of units involved, quite 
apart from the question as to the frequencies of their contribution to the deter- 
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the now known results obtained by deliberately varying the numbers of these 
units in other ways.  This number may be changed by altering  the area of 
the test-field  (cf.  Pi6ron,  1935; Hecht and Smith,  1935-36),  by placing it in 
different parts of the retina, and by changing  the level of light adaptation from 
which dark adaptation  is measured  (cf.  Crozier,  1940  b).  Speaking of cone 
units, it is found that increasing  the number of cone units brings about (above 
a certain small  number) a decrease  of Ctlo~ z (Crozier,  1940  a); whereas, when 
the "rod" function can be followed without thus far detected cone complication, 
increasing  the effective number of rod units brings about an increase  of their 
~'lo~ x (Crozier,  1940  b). 
At the moment we deal only with the "cone" branch of the duplex flicker 
curve; the "rod" portion must for various reasons be considered separately. 
We find (Fig. 6) that the "cone" ¢'log z, although independent of t~, is definitely 
a function of the wave-length composition.  We have data showing  that for 
the  several colored lights  used in  the present  observations the general  rule 
here referred to is obeyed when comparison is made with tests in a region of 
the retina where the cone density is smaller (cf. Crozier and  Wolf,  1941-42). 
In the present measurements (Fig. 8), ~'lo~ z is least for red, approximately the 
same for green and blue, greatest for the ~iolet.  Although the differences  are 
not tremendous, they are abundantly real.  It is significant  that the rates of 
change of Fm~. with t~ are (as already noted--Fig. 9) in just this order.  The 
point has been made before in a general way that the shapes of the F  -- log I 
curves for different wave-lengths do not differ greatly (Hecht and Verrijp, 1933; 
Hecht,  Shlaer,  and  Smith,  1935; Hecht and  Shlaer,  1935~36; Hecht,  1937). 
The fact is,  however, that form differences  such as are here emphasized are 
contained in these older data  as well,  although  not necessarily in the same 
order.  In  terms  of  the  general  proposition  already  stated,  the  violet  here 
involves the smallest, the red the largest number of cone units, and the green 
and  the blue about the same intermediate number.  The respective values of 
F~.  are in the general declining  order (Fig. 9):  Violet,  green,  blue, red, and 
consequently there  is  a  real  qualitative  agreement  between the  indications 
provided by these two parameters.  The indication is that the smaller number 
of "cone" units provides the largest number of elements of effect.  For our 
white,  ~r'log x is in between the values for blue and red; the values of its Fm~z., 
although intermediate, cannot be directly compared because they have quanti- 
tatively a different relation to the light time fraction. 
Such considerations do not  in many respects agree with  some traditional 
views of the basis of color (~) excitation.  It might,  of course, be sought to 
ignore the problem presented by supposing that the data of flicker  can give 
no information about visual excitation as a function of wave-length.  Perhaps 
some of the background for such an opinion could be found in vague general 
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But since differences of the general kind here stressed are certainly valid, as 
comparisons with earlier observations show (Ives, 1912, 1922, etc.), it would be 
patently idiotic to deny their possible utility.  The import they convey is that 
the number of ("cone") neural units excited by red is more than for violet, 
while the green and blue are intermediate in this respect, like white.  And at 
the same time it is clear that the slight differences between the shapes of the 
flicker color curves are not inconsistent with the more modem view (Hecht, 
1931,  1932, 1934) according to which color vision data can be described in 
terms  of the  spectral  sensibility distributions  of  (three)  species  of  [retinal] 
cones, of approximately equal numbers, and of approximately the same spread 
of wave-length sensibility.  The hitch in this general view is in the definition 
of "sensitivity"; from the flicker data it can be assumed that the numbers of 
responsive cones in the three primary classes are about equal, or at least not 
very unequal: but the elements of neural effect they produce differ in number. 
Disregarding  for  the  present  the possibility that  different regions  of  the 
spectrum may in white  "act antagonistically," for which special tests can be 
devised, and which is certainly not inconsistent with the present data, it is 
obvious that the facts thus far presented have no simple relation to traditional 
hypotheses of color vision.  It cannot be  asserted  that red for example,  or 
blue, acts simply on one-third or one-quarter of the "cone" units, if the white 
acts on all of them.  The discussion of this problem is usually undertaken in 
distinctly different terms, namely with reference to the intensity required for 
excitation, for example at the visual threshold.  The question then becomes 
one of reducing the flicker data to a valid basis for the comparison of wave- 
length effects.  Comparisons cannot be made at fixed values of F or of I,,, since 
the forms of the curves are not the same.  We can, however, eliminate some 
of the complication due to the difference between number of units  activated 
and number of elements  of effect produced by finding (graphically from Figs. 
9  and  10)  the values of t,. which reduce the color curves to  the same Fm~. 
(this does not change arlo, z) ; from the graphs the corresponding values of the 
abscissae of inflection r p are  then read.  From these values of the flash in- 
tensity I  and of tL the mean relative photometric energy flux is obtained for 
activation of 50 per cent of the flicker recognition dements, as a  function of 
the spectral region, under such conditions that each spectral region can activate 
the same total number of dements.  The data for a  comparison of this kind 
are given in Table V. 
The  calculation is  necessarily rough.  For one  thing,  the  slope of the  r ~ 
(and Fmaz.)  vs.  tr. function is higher for white than for the colors, so that the 
result  depends  somewhat  upon  the  level  of  F~x.  chosen.  Moreover,  the 
colored lights used are not monochromatic.  Nevertheless it is apparent that, 
in terms of flash intensity as estimated by dim light visual photometry against 
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violet.  When  (Table V)  the intensities are corrected to an energy basis by 
means of the thermopile measurements,  the mean value of C  (for the fixed 
Fm~x.) for the 4 colors (2.58) is in good agreement with that for white (2.60). 
It is not at all impossible to employ this method of analysis under conditions 
of greater refinement as to ),.  The customary method of procedure compares 
threshold  intensities  under  fixed  conditions.  The  present  general  method 
deals with the intensities required to produce proportionately equivalent effects 
as measured.  It thus avoids the impossible assumption that threshold effects 
are "constant" and "equal"  (of.  Crozier, 1939b;  1940a).  From data on A/0 
as a  function of exposure time it would be possible to estimate (of.  Crozier, 
1940a), with area fixed, the value of log texp. required for 50 per cent activation, 
as a  function of )~.  Such estimates would, for this area and retinal position, 
give basis for a  valid visibility curve.  Similarly, the analysis of differential 
TABLE  V 
From interpolated values (Figs. 9 and 10) of t~/(tr. +  tb) the levels of r' are estimated 
which axe connected  with F~.  -- 58.5/sec., for four spectral regions and white.  The mean 
energy  flux (with flash intensity in photometric units) critical for flicker  is then given at this 
point of 50 per cent activation in the corresponding "cone" populations of elements, and 
from thermopile  readings in the last column. 
Violet  ............... 
Blue ................ 
Green ............... 
Red ................ 
White  .............. 
t L for Fmax. -  ~.,  Log relative mean  With thermopile 
58.5  flux  correction 
91 
69.5 
87.8 
37 
25 
i.31 
~.66 
2.72 
2.63 
|.20 
i.27 
~.50 
,2.66 
2.20 
2.60 
2.76 
2.39 
2.94 
2.23 
2.60 
intensive excitability (l/A/) as a  function of  X and of/1 (of. Crozier, 1940c) 
can be made in precisely the same  manner.  Only in  this  way,  it appears, 
can invariant indices be discovered making possible the real interpretation of 
the influence of such other variables as, for example, oxygen pressure. 
The rSle of the intensity at fusion can be rather directly seen in the behavior 
of the color thresholds.  In Figs. 2 to 5 the flash intensities at the appearance 
of color on the 2 F  -- log I  curves are for any one color separated by 0.86 
0.11 log unit; since the mean flux along the two curves (tr --  0.10 and 0.90) 
differs by 0.95 log unit,  and since observations were not made continuously 
along the curve but at comparatively coarse intervals, the agreement is taken 
to be close.  Similar considerations hold for other subjective phenomena along 
these contours  (of.  section V). 
IV 
The appearance of the raw "rod" curves in Figs. 2 to 5 is in a general way 
similar to that already known (of. Hecht and Shlaer, 1935-36).  For the same W.  J.  CROZIER  AND  ERNST  WOLF  105 
test  area  and light  time fraction the  wh~  curve  rises  more  abruptly and 
crosses the lines for the colored lights, when the "cone" curves are brought 
together by putting their inflection points at the same flash intensity (Fig. 11). 
The  blue  curve  is  more  nearly horizontal  than  the others, the red steepest; 
~o/~t and green are intemediate and do not differ greatly. 
When  the  "rod" contribution is  dissected  out by the method previously 
illustrated it is found that ~'1o~ i for the ascending curves is, as nearly as can 
~0~  "~7 0.90 
~o-- 
10cj  I m 
FZG. 11.  The comparative  slopes of the lower segments of the F  -  log/,~ ¢ontour.~ 
for white (Crozier and Wolf, 1940-41b) and four colored lights, at tL  =  0.90, the cone 
abscissa of inflection being brought to the same log I. 
be  told,  independent  of tL  (as for white)  and  of  the  (apparent)  "rod" F~. 
for  each  color.  It  is greatest  for  the green, intermediate  for  blue and ~ol~, 
least for red.  The red ~'los i  is less than for any of the others, indicating a 
smaller population of (rod) excitable units, but this is not necessarily true for 
other parts of the retina.  This order differs from that with the "cone" curves 
(section III)  in  the  relatively l~rger  fundamental population  of units  thus 
indicated for the green,  and s~ler  for red.  It has already been shown (Cro- 
zier and Wolf, 1940-41b)  that the form of the declining "rod" curves must be 
understood as due to the progressive inhibition of "rod" elements, and that the 106  COLOR AND ~LASH DURATION IN ]~LICKER 
value of the "rod" F .... is governed in the same way.  We might then expect 
that  a  certain direct correlation should  obtain  between  the  apparent  Fmax. 
and the log I  separation of the inflection points of the "rod" and "cone" sum- 
mations.  For any one value of LL it is clear that  (except for white)  this rule 
is obeyed: thus at tL =  OAO we have: 
Computed "rod" Fm~x.  (T'oo~--~'rods) 
Violet .................  6.4  3.94 
Blue ..................  8.2  4.02 
Green .................  4.4  3.35 
Red ..................  4.2  2.97 
With fuller information it might be possible to derive the unhampered form of 
the  "rod"  curve as  a  function of wave-length, but  this  cannot now be  at- 
tempted.  We can rely only on the suggestion obtained  from the a'lo, z in- 
dices. 
In speaking of the separation of "rod" and "cone" effects it is necessary to 
point  out  that,  as  with  white  light  (Crozier and  Wolf,  1940-41b),  the  in- 
dications provided by different criteria for the incidence of "cone" effects do 
not give an entirely consistent picture.  The kink in the F  -- log I  contour has 
commonly been taken to give a dividing point between rod and cone function; 
under  certain  conditions  (white  light,  and  the  usual  tL  -  0.50)  this  point 
coincides pretty well with the transition to a "smooth" appearance of the field 
as critically adjusted for fusion and the change of the character of the "Flim- 
mern" end-point to a  fine-lined flicker.  With other light time fractions this 
correlation is upset.  So also with color at the flicker fusion end-point.  Careful 
note was made during the experiments as to the subjective appearance of the 
critically fused field at the points plotted along the curves and at various places 
in between.  The color thresholds as observed in this way are marked on the 
graphs, as well as the levels at which, progressing upward, the field assumed a 
smooth appearance  (i.e.,  no longer granular or "frosted"). 
From these records it is evident that, with violet, blue, and green, t~ =  0.10, 
the point of appearance of the proper color is rather high up on the curve. 
With red it is relatively a  little lower.  Using tL =  0.90, however, the color 
point  is  pushed  down  close  to  the  bend  for blue  and  red  although  still  far 
above it with violet and green.  The smooth type of field-at-fusion may appear 
above or below the color level, in different cases.  A certain amount of fluctua- 
tion is found inthe occurrence of these points, and this is easily influenced by 
fatigue.  With violet, blue, and green the contrast after image color is detectable 
at critical flash-frequencies below the color point.  We are convinced that the 
systematic examination of .these matters can be rewarding, but at present it 
need only be emphasized that the criteria of separation of cone function as ob- 
tained from the shape of the curve have no necessary, simple relationship to the 
others mentioned.  Similarly,  the smooth  "blue-gray" character of the field W.  ~'.  CR0Zrg'.R AND  ERNST  WOL.P  107 
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FIG.  12.  The relation between I~ and P.  E.1I (Tables I-IV),  for  the  two  sets  o 
measurements (tL =  0.10, 0.90) with violet, blue, green, and red.  On a  log -  log grid 
the points form bands with slope =  1 and of statistically determinate width, related 
to tL and to wave-length (Fm~.); see text.  (Since we are interested only in the rela- 
tive variation, the bands have been separated  for clearness.)  For  V, the aberrant 
series depicted in Fig. 7 is here given with tags. 108  COLOR AND  FLASH DURATION IN ~LICKER 
along the  "rod"  curve may (~iotet,  red,  t,.  =  0.10)  persist rathetr  far up the 
"cone" branch  or (all the colors,  t,.  --  0.90)  it may give way to a  speckled, 
granular field at half the distance up the "rod" curve. 
V 
The uniocular flicker response measurements with white light have shown 
that the mean proportionality constant for the rectilinear relationship between 
I~, and the dispersion of I1 is independent of the light time fraction (Crozier 
and  Wolf,  1940-41b).  At  the  same time,  it is  not independent  of organic, 
central nervous factors; it is reduced by binocular regard in the ratio of~ 
1 (Crozier and Wolf, 1940-41a).  For a given value of I~,  consequently, in- 
dependently of F, the associated variation of I1 is independent of the total popu- 
lation of potentially excitable elements (a Fro), but is a function of the potency 
which these elements exercise in effecting the statistical discrimination of tight 
from darkness  in  the flicker  cycle.  Fig.  12  shows,  when  the corresponding 
proportionality constants are evaluated, that there is no relation between this 
factor and wave-length composition, because it is constant.  Th~s  agrees with 
what we know (Crozier and Holway: in preparation) on the basis of A/deter- 
minations  with  colored lights. 
There  is,  however,  a  definite  correlation  between  the  sca2~er of  the  dis- 
persion indices and Fma=., both as regards the effect of the light time fraction 
and of the wave-length composition (~Zet,  blue, green, red).  This is crudely 
visible in Fig. 12.  It is easily stated more exactly by giving the mean and the 
S. D. of the distribution of the proportionality constants (cf. Crozier and Hol- 
way, 1937; Crozier and Wolf, 1940-41a).  As the total size of the potentially 
available  group  of  (cone)  units  is  increased,  the  precision  with  which  #ul 
(and thus I~) is determined is definitely diminished.  This corresponds to the 
fact that with white (Crozier,  1940) increase of size of the cone population of 
units  (and thus of the elements of effect they produce) increases the disper- 
sion of their effectiveness (denoting "interaction").  The spread constants of 
bands in Fig.  12 follow this rule,  except for red tL ---- 0.90,  where two points 
only are aberrant; the value for ~olet tL --  0.10 is also rather high.  Sporadic 
occurrence of irregular cases of this kind is, of course, to be expected on grounds 
of statistical sampling.  For green and blue the spread constants, at a  given 
/r  .... , are less than for white.  Highly homogeneous data would be required 
for the further development of the possibilities here suggested. 
VI 
SUMMARY 
For  spectral regions  associated with violet, blue, green, and red the relation 
between mean critical flash intensity I,~ for visual flicker and the flash frequency W.  3.  CROZIER  AND  ERNST  WOLI¢  109 
F  is modified as already found with white light when the light time fraction t~ 
in  the flash  cycle is  changed.  For a  square  image 6.13  °  on a  side,  foveally 
fixated, the "rod" and "cone" contr~utions to the duplex contour are analyzed 
in the way already used for white.  It is pointed out that several customary 
qualitative  criteria  for  cone functioning  do  not  necessarily  give  concordant 
results.  The  analysis  shows  that  the  three  parameters  of  the  probability 
summations giving the "rod" and "cone" curves are changed independentiy as 
a function of wave-length composition of the light,  and of the light time frac- 
tion. 
The correlation of these changes, and of those found in the associated vari- 
ability functions,  can be understood in terms of differences in (1)thenumbers 
of neural  units  potentially  excitable  and  (2)  in  the  numbers  of elements  of 
neural effect obtained from them.  In a multivariate situation of this kind it is 
necessary to compare intensities of luminous flux required to activate half the 
total population  of potentially available elements when this  total size is held 
constant  for the different conditions.  The results of this comparison,  for the 
faltered lights used, are discussed in relation to certain aspects of excitation vs. 
wave-length.  The problem is a general one, arising where the effects produced 
as a function of a particular variable are concerned.  In the distinction between 
(1) units excited and  (2)  the actions they produce may be found the clue for 
the curious fact that with certain wave-lengths the critical intensities are lower 
than for white.  The extension of the observations to other parts of the retina 
may be expected to further  this  analysis. 
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